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Abstract: Terahertz (THz) spectroscopy and imaging were used to differentiate brain gliomas
in a mouse model at different temperatures. The THz spectral difference between brain glioma
and normal brain tissues at -10°C and 20°C was obtained in the 0.4–2.53 THz range. The
absorption coefficient and refractive index values varied with both temperature and frequency.
The fresh ex vivo brain glioma tissues were mapped by THz attenuated total reflection (ATR)
imaging at 2.52 THz in the temperature range from -20°C to 35°C. Compared with histological
examination, THz-ATR imaging could better display the tumor areas at a higher temperature.
And the averaged reflectivity of normal tissue was increased with the increase of temperature,
whereas the tumor region showed a decreasing trend. Thus, the larger THz imaging difference
between glioma and normal tissues could be obtained. Moreover, in vivo brain gliomas in mice
models could also be differentiated clearly from normal brain tissues using THz-ATR imaging
at 2.52 THz under room temperature. The THz-ATR images corresponded well with those of
visual and hematoxylin and eosin (H&E) stained images. Therefore, this pilot study demonstrated
that temperature dependence THz spectroscopy and imaging are helpful to the brain gliomas in
mouse model detection.

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Terahertz (THz) wave, referring to the electromagnetic wave with the frequency range of 0.1
- 10 THz, lies between infrared and microwave regions [1]. Based on its characteristics of
non-ionization, fingerprint spectrum, and water sensitivity, THz technology has been utilized in
various applications such as chemical recognition, security inspection, pharmaceutical testing,
and medical imaging [2,3]. In recent years, THz spectroscopy and imaging have been utilized in
various types of cancer detection such as skin, breast, colon, and liver cancers [4–7]. Previous
studies have provided preliminary experimental evidence that THz spectroscopy and imaging
can be able to identify lesion tissues.

Gliomas are the most common primary intracranial tumors. It grows invasively and has unclear
margins between the neoplastic and normal regions [8]. Even experienced surgeons cannot
increase the rate of complete resection beyond 20% using white light microscopy [9]. THz
spectra and imaging have been used to reveal essential characteristics differences between tumor
and normal tissues. The results demonstrated that paraffin-embedded [10–12] and freshly-excised
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[11–15] ex vivo brain tumors from rat, ex vivo [16,17]and in vivo [17,18] brain gliomas from mice,
and even the snap-frozen [19] and freshly-excised human brain [20,21] could be differentiated
clearly from normal brain tissues. Especially, THz imaging for the intraoperative label-free
discrimination between intact tissues and glioma was highlighted compared with the common
modalities of the brain imaging [13]. The refractive index and absorption coefficients of tumor
regions were higher than normal tissues, because glioma regions have the presence of increased
water content, nuclear atypia, mitotic activity and florid microvascular proliferation than that in
normal region [22]. In addition, Yamaguchi et al. quantitatively described water content and cell
density were the origin of differences in the refractive index between normal and tumor tissues
using THz spectroscopy [12]. Gavdush et al. developed relaxation models of complex dielectric
permittivity to analyze the ex vivo intact tissues and WHO grade I–IV gliomas of the human
brain [21]. However, the difference of THz wave optical parameters between glioma and normal
tissues were all small.

To improve the difference between normal and tumor tissues in THz band for better recognizing
tumor region, much work has been done. The reflectance difference between normal and
cancerous tissues was enlarged using continuous wave THz polarization imaging, but this
method will cause extreme energy loss [23]. Signal analysis methods with suitable parameters
were proposed to improve the detection sensitivity, such as interference elimination algorithm
[24], feature extraction algorithm [25,26], and spectroscopic integration technique. Thus, the
response time of THz detector should be considered and a lot of sample test data were necessary.
Considering water content was one of the key factors for discriminating tumor tissue from
normal tissue, frozen tissue and nanoparticle probe were used to improve the detection difference.
However, nanoparticle probe [27] not only caused the burden on the patient but also sometimes
would stain normal tissues around the tumor. Png et al. found some distinction in the THz
absorption spectra of healthy and diseased snap-frozen human brain tissues for the first time
[19]. Then, THz signal gap between the healthy and completely metastatic lymph nodes [28] and
better contrast in THz spectroscopic image of frozen excised oral malignant melanoma [29] and
excised oral cancer [30] at -20℃ were also found. In addition, Zotov et al. even demonstrated
experimentally the ability of THz pulsed spectroscopy for in situ monitoring of tissue freezing
depth in the tissue cryosurgery. Processing of THz pulsed signal within 45 s demonstrated the
ability to detect the movement of freezing front up to the depth of 657 µm [31]. These results
indicated that the physical properties (THz dielectric properties) of biological tissues were closely
related to the temperature in THz frequency range. In other words, the sample temperature
has important effect on THz detection of diseased tissue. However, there is no report about
temperature dependence on THz measurement of brain glioma.

In this paper, the discriminability of freshly ex vivo brain glioma samples at different
temperatures were investigated, using the THz spectroscopy and imaging. The results showed that
the better contrast of THz measurement of brain glioma can be obtained at higher temperature.
Furthermore, glioma regions of in vivo mice brain tissues could be differentiated clearly using
THz-ATR imaging system at room temperature, which were similar to those of the corresponding
visual and H&E-stained images.

2. Methods

2.1. Experimental setup

To investigate the THz spectrum characteristic of brain tissues, the commercially available
THz-TDS (Advantest Corp., TAS7500SP) worked in the transmission geometry was used. The
spectrum reached 4.0 THz from 0.1 THz, with the frequency resolution of 7.6 GHz and the
spatial resolution of 2 mm. The sample was installed at the focal point of THz time domain
spectrometer. Usually, biological tissue with high THz wave absorption was cut into slices with
a certain thickness, which was sandwiched by a pair of quartz windows. The windows were
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attached to a copper sheet with the semiconductor cooling sheet and cooling water circulation.
The temperature of a copper sheet was monitored using the resistance temperature sensor. The
temperature float was controlled within± 1℃. The measurements were performed at different
temperature (-10°C and 20°C) with dry air purge. Considering the time delay of temperature
control system, spectral measurement was performed after setting the temperature for 5 minutes.

Our home-made continuous-wave THz-ATR imaging system was used in this paper [16],
as shown in Fig. 1. An optically pumped THz gas laser (FIRL 100, Edinburgh Instruments
Ltd.) was used, which was capable of emitting high-power, tunable continuous THz wave. The
maximum THz output power was up to 150 mW at 2.52 THz. THz wave was separated into
two beams by wire-grid beam splitter (Micromesh Instruments, Inc.). One beam served as the
intensity reference to improve the SNR of THz imaging and the other beam was used as signal.
The reference light was directly detected by a Golay cell (GC-1P, Tydex Ltd.), whereas the
signal light was collimated and focused by four off-axis parabolic mirrors (F= 1 and f= 2 inch),
reached another Golay cell after reflection from the sample positioned in the THz beam path. An
isosceles triangle shaped silicon prism (n= 3.42 @ 2.52 THz) with base angle of 49° placed over
the sample with contact pressure for imaging. Here, the sample was located at the focus of the
THz beam. The value of incident angle at the sampling surface was 43.5° and this incident angle
was larger than the theoretical critical angle of 37.5° for distilled water. In addition, temperature
control device was also adopted to control sample temperature (-20℃ - 35℃) in this imaging
system, which was the same as that used in the THz-TDS. Unlike in spectrum system, the sample
was placed on a copper sheet and its upper surface was in close contact with the bottom surface
(34.8 × 34.8 mm2) of prism for THz-ATR imaging, which was mounted on a two dimensional
(2D) movable sample stage (SIGMA KOKI CO., LTD.). The scanning step in this study was set
as 200 µm and the resolution was 450 µm × 500 µm [16,32].

Fig. 1. Continuous-wave THz-ATR imaging system.

2.2. Sample preparation

An orthotopic glioma model for mouse was used as the brain glioma model and this model has a
clear boundary between normal and tumor tissues. A total of 18 BALB/c Male nude mice (3∼4
weeks) were purchased from Beijing Hua Fu Kang Biotechnology Limited Liability Company
(Beijing HFK Bio-Technology.co., LTD). U87-MG cell line was obtained from American Type
Culture Collection (ATCC, Manassas, Virginia). All animal experiments were performed in
accordance with the China Animal Welfare Legislation, and were approved by the Third Military
Medical University Committee on Ethics for the Care and Use of Laboratory Animals.
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The samples were divided into three groups and used for the spectrum measurement of freshly
excised brain tissues, freshly excised brain tissues imaging and in vivo imaging. The number
of samples with glioma in each group is 5. The glioma model was established by surgically
implanting U87-MG cells into mouse. For the comparison, the same surgical procedures were
also performed on the normal mice. Detailed experimental procedures have been reported in
our published paper [17]. The mice were all allowed to grow for 2-3 weeks. For the samples
of spectroscopy and ex vivo imaging measurement, the mice were directly euthanized and their
brains were removed immediately prior to THz measurements. The extracted brains were divided
evenly on the coronal surface with a scalpel. One part was for THz imaging or spectrum
measurement and the other part was quickly put to -15°C slicing machine for freezing slice
staining. For spectrum measurement, in order to avoid water loss and other errors during sample
measurement, the tissue with 60µm thickness was sandwiched by two quartz plates (0.5 mm
thickness) and wrapped with vaseline and oleic acid. For the sample of in vivo imaging, a cranial
window was made to expose the brain tumor. The surrounded blood and cerebrospinal fluid were
sucked away by brain cotton slices. The in vivo sample was in close contact with the attenuated
total reflection prism to obtain THz-ATR image. Although such process causes some shift or
extrusion for local tissue less than 1 mm, it is acceptable in neurosurgical operations. Then, the
mice were euthanized and their entire brains were removed immediately. The freshly excised
brain tissues were quickly put to -15°C slicing machine, and a thin section of 20 µm thickness
was sliced from the surface for histopathological examination by H&E staining.

2.3. Data analysis

For spectrum measurement, when the THz wave propagates from the THz emitter to the detector,
THz electric field signals with and without samples (denoted by Esam and Eref respectively) are
obtained. The effect of quartz window reflection can be ignored by selecting the THz time-domain
pulse delay signal caused by sample. Further, the frequency domain signals can be obtained
through the Fourier transform, which are expressed as [10],

Eref (ω) = E0(ω) exp(−iωt + i
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Here, E0 is the original THz pulse emitted by the photoconductive antenna, ω is the frequency
of THz wave, l is the full path that the THz wave travels, d is the thickness of the sample,
and N(ω) = n(ω) + iκ(ω) is the complex refraction of measured sample, in which n(ω) is
the refractive index, and κ(ω) is the extinction coefficient. k is the number of reflections,
and k=0 is used in this study. To calculate refractive index and extinction coefficient of the
biosample, Esam (ω)/Eref (ω) should be performed. In addition, the absorption coefficient α
can be calculated by the equation α(ω) = 2κ(ω)/c.

For imaging, based on both quartz and silicon prism windows have high transmittance in the
THz band, we ignored the reflected THz intensity caused by the marginal Fresnel loss due to
their different refractive indices. The spectral data used in this study was constructed from 5
glioma model mice. The time-domain THz pulses were collected at three different spots in tumor
area or healthy area for each sample. Every measurement point was repeatedly tested 3 times
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with the setting of 1024 times scan for each measurement. Due to the biological diversity, all
spectra are averaged results of 15 measurement times and the standard deviation is shown as
error bars. THz imaging with and without sample were measured as the images of Fsample and
Fsubstrate, respectively. Considering the uniformity of the silicon prism, Fsubstrate was taken as the
image reference for simplicity. Thus, the reflectivity (Rr) of sample can be calculated by dividing
the pixel values in Fsubstrate by Fsample. Similarly, the reflectivity of silicon prism is obtained by
using the air as the reference. The averaged reflectivity (Rave) is defined as the average of multiple
pixels within the regions of interest and statistical analyses were conducted by calculating the
values of Rave.

3. Results and discussions

3.1. THz spectroscopy of freshly excised brain tissues

First, we measured freshly excised mice brain tissues by THz-TDS system. Total 5 mice brain
glioma models were used in spectral measurement. The whole brain extracted from mouse was
cut in half. One part was for spectral measurement and the other was used for pathologically
determined with the H&E-stained image. Considering the spatial resolution of spectral system is
about 2 mm, the samples used in spectral measurement were horizontally sliced to ensure that
the THz spot was located in the region of the tumor region. Figure 2 (a) show the examples of
visual image of measured samples (NO. 1 and NO. 2), whereas Fig. 2 (b) show the H&E-stained
images for freshly excised brain tissues. The tumor regions appeared paler in the visible images
of frozen samples, which were marked by dashed lines in Fig. 2 (a). The region-stained deep
purple was tumor region. This indicated cell density in tumor region was greater than those at
the normal tissue [17]. The tumor areas of samples used in spectral measurement were all larger
than 5×5 mm2, as shown in Fig. 2 (b). The time-domain THz pulses were collected in normal
and tumor regions for each sample, as points A and B shown in the Fig. 2 (a), respectively.

Fig. 2. (a) visual and (b) H&E-stained images of freshly excised brain glioma model.

Figure 3 (a) and Fig. 3 (b) show the refractive index spectra and the absorption coefficient
spectra of freshly excised brain tissues at -10℃ (frozen temperature) and 20℃ (close to room
temperature), respectively. On the whole, the average values of refractive index and absorption in
normal tissues were both smaller than that in tumor tissue at two temperatures in the range from
0.4 THz to 2.53 THz. The increase of water content in the tumor region was the dominant reason
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for the difference [33], which would affect the refractive index and absorption coefficient of tissue
[12,34]. In addition, it was clearly seen that the refractive index and absorption coefficient of
brain tissue at 20℃ was higher than that at -10℃. The inset of Fig. 3 (a) and Fig. 3 (b) show
the difference values of refractive index and absorption coefficient between tumor and normal
tissues at different temperature. From the inset of Fig. 3 (a), the difference of refractive index
for tumor and normal tissues showed a slight increase at higher temperature. This result was
consistent with that of previous papers [29,30]. Moreover, the difference values of refractive
index display an increasing trend for higher THz frequency. From the inset of Fig. 3 (b), the
difference of THz absorption coefficients between normal and tumor tissues at 20℃ and -10℃
was significantly different in the 0.5-2.53 THz range. Therefore, it is necessary to select the
best detection temperature for THz imaging. Moreover, the refractive index and absorption
coefficient both are the important factors for the ATR imaging. Considering the ATR reflectivity
variation caused by refractive index change is larger than that caused by absorption coefficient
change, higher THz frequency is preferred for the study of temperature dependent THz imaging.
Additionally, it is mentioned that the absorption coefficient curves in Fig. 3(b) seemed distorted
in THz frequency domain. It might attribute to that water content and cell components shows
different THz responses at different THz frequency, especially the tissue morphology including
hydration state changes from -10℃ to 20℃.

Fig. 3. (a) refractive index and (b) absorption coefficient of tumor and normal tissues under
different temperature, the insets of (a) and (b) show the difference of the refractive index and
the absorption coefficient between tumor and normal tissue, respectively.

3.2. THz imaging of freshly excised brain tissues

Then, in order to accurately evaluate the temperature effect on the THz imaging of brain glioma
tissue, a homemade continuous-wave THz-ATR imaging system with 2.52 THz was used to
measure the total of 5 freshly excised brain tissue samples with glioma at temperature from -20℃
(frozen temperature) to 35℃ (close to body temperature) at intervals of 5℃.

Figure 4 shows the visual, H&E-stained, and THz-ATR images for freshly excised brain
tissues examples (NO. 3 and NO. 4). The whole brain extracted from mouse was cut into half.
One part was for imaging measurement and the other was used for pathologically determined.
Figure 4 (a) and (d) show the whole brain divided evenly on the coronal surface with a scalpel.
The brightness regions in the visual image were tumor region, which were marked by dashed
lines. The H&E-stained images were shown in Fig. 4 (b) and (e). Figure 4 (c) and (f) show
the THz-ATR images of brain glioma samples at different temperatures of -20℃, -10℃, 0℃,
10℃ and 35℃, where the pixels were represented using the relative reflectivity (Rr) and lower
Rr means the larger sample absorption. The THz high absorption region was the tumor region,
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which could be distinguished clearly from the normal tissues. However, the THz images of
brain glioma at different temperature depicted obvious difference, where the stronger THz-wave
absorption occurred at higher temperature. Furthermore, the average reflectance (56%±5%)
of normal tissues was used as a comparison we estimated image size of the tumor detected
by THz-ATR images for NO. 3 and NO. 4 samples, as listed in the Table 1. Especially, the
tumor size indicated by H&E-staining was used as gold standard as comparison. The tumor
regions areas shown in the THz images at T = 35℃ were similar to that of the corresponding
H&E-stained image. Generally, considering the tumor cells grow invasively and proliferate, the
water content of the tumor region was increased because angiogenesis occurs to compensate
for the lack of oxygen and nutrients [13]. Thus, from the center of tumor region to its margin,
the water content gradually decreases but is still higher than normal tissue. Therefore, at lower
temperature, the indicated tumor area is small with the lower THz reflectance difference between
tumor and normal tissues. Comparatively, with the increase of temperature, the tumor edge area
is gradually shown in THz imaging due to the increase of water absorption coefficient [27].

Fig. 4. (a) Visual, (b) H&E-stained and (c) THz-ATR images of glioma samples at
temperature of -20 ℃ 35 ℃, the blue areas were the edge between sample and background.
The red, green and black areas of (c) and (f) were the tumor tissue, normal tissue and
background regions, respectively. The marked areas with dotted boxes 1 and 2 in (c) were
the partial tumor and normal regions, respectively.

Figure 5 shows the averaged reflectivity (Rave) of 5 samples in both tumor and normal regions,
as the marked with dotted boxes 1 and 2 in Fig. 4 (c), respectively. The data was measured
under the temperature interval of 5℃. For comparison, the averaged reflectivities of distilled
water taken from THz-ATR image were also displayed. The Rave in the tumor region was lower
than that in the normal region. It indicates that the absorption of THz-wave in tumor tissue
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Table 1. Tumor sizes of H&E-stained image and THz-ATR images at different temperature

Tumor sizes (mm2)

Mice NO. H&E-stained image THz-ATR images

T = - 20℃ T = - 10℃ T = 0℃ T = 20℃ T = 35℃

3 51.00 22.50 25.80 33.60 44.60 51.50

4 50.00 6.72 18.50 35.60 42.80 50.80

was higher than that in normal tissue. The trend of Rave in tumor region was close to that in
liquid water, which is deduced that THz radiation is responded mostly to the liquid water in
tissues. In addition, the Rave of tumor region with temperatures below 5℃ was decreased as
the temperature increasing, which is owing to the fact that the water dehydration of sample with
temperatures below 5℃ was low and the absorption coefficient of water was increased with
temperature increasing [27]. On the contrary, the Rave of tumor region with temperatures above
5℃ was slightly increased as the temperature increasing. The possible reason is that the water
dehydration of sample with temperatures above 5℃ became relatively high and was increased
with temperature increasing, whereas the absorption coefficient of water changes a little in the
range of 5℃-35℃ [35]. In contrast to the tumor region, the Rave of normal tissue was increased
with the increase of temperature. This may be due to the refractive index of normal tissue at
high temperature was higher than that at frozen temperatures [29,30]. Thus, the difference
between tumor and normal tissues increases with the temperature. These results suggest that
higher temperature was preferred for the THz imaging of brain glioma. Meanwhile, the Rave of
normal and tumor tissues at -10℃ were 44%± 3% and 37%± 3.2%, respectively. The Rave of
normal and tumor tissues at 20℃ were 53.4%± 2.4% and 30%± 2%, respectively. The difference
value between tumor and normal tissues at -10℃ and 20℃ were 7% and 23.4%, respectively.
According to the THz spectrum of freshly excised brain tissues based on THz-TDS system, the
ATR reflectivity (R) can be calculated. For 2.52 THz, the calculated reflectivity of tumor and
normal tissues using the average complex refractive indices of tissues are 92% and 89% at -10℃,
and they are 56% and 26% at 20℃, respectively. Thus, the calculated difference value between
tumor and normal tissues at -10℃ and 20℃ were 3% and 30%, respectively. These experimental
results show good trends consisted with that in theoretical calculation. Although the calculation
value based on THz spectrum were slightly different from that in experimental results, these can
be attributed to the water dehydration during the processes of thin-sliced sample preparation and
measurement. During the temperature dependent spectroscopy and imaging, the samples were
measured by gradually increasing temperature, there was inevitable water loss and measurement
error. The close contact of sample imaging surface with ATR window and measurement of
multiple samples can reduce the error effectively. To sum up, THz spectroscopy and imaging of
freshly excised brain tissues have demonstrated that the THz optical difference between tumor
and normal tissues increased with the temperature increasing.

3.3. THz imaging of an in vivo mouse brain glioma model

Based on the difference between normal and tumor region of freshly excised brain tissues
increased with temperature increasing in THz measurement, we tried to perform THz-ATR
imaging of in vivo mouse brain glioma model, which can provide the basis for clinical application.

Figure 6 shows the visual in vivo, THz-ATR, visual ex vivo and H&E-stained images for
brain tissues with (NO. 5 and NO. 6) and without (NO. 7) tumor samples. After the mice were
anesthetized with 40 mg/kg pentobarbital by intraperitoneal injection, a cranial window was
made and exposed the brain tissue. The surrounded blood and cerebrospinal fluid were sucked
away by brain cotton slices. In Fig. 6 (a), the dark regions of mice brain in visual images were
tumor regions. Then, the mouse brain was close contact to the bottom of prism for THz image.
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Fig. 5. The averaged reflectivity in the tumor tissue, normal tissue and distilled water at
temperature interval of 5℃.

Figure 6 (b) shows the THz images of in vivo brain tissues with and without tumor based on
THz-ATR imaging system. Each pixel was described using the Rr and a lower Rr mean the
larger sample absorption. The high absorption regions of THz-wave were tumor regions, as
shown in the red region in Fig. 6 (b). For the tumor tissue, the Rr values of the tumor regions
was lower than 31%, whereas the Rr values for the normal tissues was rarely lower than 31%.
Considering all the in vivo samples, the Rave value of the tumor and normal tissues for brain
tissues were 25%± 6% and 36%± 5%, respectively. Thus, the threshold value of 31% was
chosen to differentiate tumor region from normal tissue in Fig. 6(b). It was clearly seen that THz
images of glioma mice showed obvious difference in tumor regions compared with the normal
tissues, but the THz image for the normal mouse looks uniform, where the blue pixel around
the center corresponded the needle were left over from image processing. The Rave value of
tumor regions in the THz imaging with tumor group was lower than that in the THz imaging
with normal group. This can be attributed to the water content in the tumor region is higher than
that in normal tissue. Compared with freshly excised brain tissue, the Rave value of both tumor
and normal tissues in in vivo brain tissue were lower. It could be because water dehydration
during the processes of ex vivo brain tissue sample preparation and measurement. After the THz
imaging, the whole brain was extracted from the mice and pathologically determined with the
H&E-stained image, as shown in Fig. 6 (c) and (d). The tumor region appeared light-colour
in the visible images of frozen samples, which was marked by dashed lines in Fig. 6 (c). In
general, tumor regions in THz-ATR images were corresponding well with that in visible and
H&E-stained images. The little position and size shifts for the sample can be attributed to the
process of sample preparation, where the surfaces of the in vivo fresh tissue for THz image and
H&E-stained sections were slightly different. Especially, it should be mentioned that, compared
to our previous of in vivo glioma detection using THz reflection system [17], the ATR imaging
has the advantages of high imaging contrast. Considering the orthotopic brain glioma in mice
model used in our experiment agglutinates as a cluster, it cannot mimic the unclear margins
and tissue heterogeneities, including necrosis, hemorrhage, and even microvascularity, that are
usually inherent to human brain glioma. Therefore, further investigations with human tissue
or alternative animal glioma model (like homograft glioma model 101.8 [14]) are necessary to
evaluate the practicability of this method in clinical surgery.
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Fig. 6. (a) In vivo visual image, (b) THz wave total reflection image, (c) freezing visual
image, and (d) H&E-stained image for NO. 5-7 samples, the blue areas were the edge
between sample and background. The red, green and black areas of (b) were the tumor
tissue, normal tissue and background regions, respectively.

4. Conclusions

The freshly ex vivo mice brain tissues with glioma were measured using THz spectroscopy and
ATR imaging at different temperatures. The results show that the average values of refractive
index and absorption in normal tissues were both smaller than that in tumor tissue at 20℃ and
-10℃ in the range from 0.4 THz to 2.53 THz. In addition, appropriate sample temperature
and THz frequency should be selected for better discriminating glioma from the normal tissue.
Furthermore, the in vivo brain glioma regions can be differentiated clearly using THz-ATR
imaging system. The high absorption region in THz images corresponded well with the tumor
region in visible and H&E-stained images. Although additional studies are required, the
temperature-dependent THz measurement technique used in this study holds great promise as a
diagnostic tool for ex vivo and in vivo brain gliomas.
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